Purpose The aim of this study is to evaluate the feasibility of using a hand-made silver container for the cryopreservation of human ovarian cortex. Methods Human ovarian cortex tissues were vitrified using an open vitrification system (OVS) of needle immersed vitrification (NIV) and two closed vitrification systems (CVS) of a plastic vial (plastic CVS) and a silver container (silver CVS). Outcomes of vitrification were evaluated morphologically and histologically by in vitro culture and xenotransplantation. The apoptosis of primordial follicles was assessed by TUNEL staining. The production of E 2 and P 4 was examined by a chemiluminescent immunoassay. Blood vessels were visualized with CD31 staining. Results Compared with the fresh ovarian cortex tissue, ovarian cortex tissues that were vitrified using the three different carriers and then warmed showed significantly reduced percentages of normal primordial follicles, viability of primordial follicles, E 2 and P 4 levels during in vitro culture and decreased amounts of blood vessels. However, much better outcomes were obtained with NIV and silver CVS than with plastic CVS, based on the better morphology and viability of primordial follicles, higher E 2 and P 4 production during an in vitro culture, and greater numbers of blood vessels after xenografting. Importantly, the outcomes of ovarian cortex cryopreservation with silver CVS were similar and comparable to those with NIV. Conclusions The hand-made silver container as a CVS is a promising carrier for the cryopreservation of the human ovarian cortex.
Introduction
The cryopreservation of human ovarian tissue was proven to be feasible in 19 women aged 19-44 years in 1996, when it offered a new method for fertility preservation [1] . Since the first infant was born after the transplantation of frozen/thawed ovarian tissue in 2004 [2] , over 86 live births have occurred after the orthotopic auto-transplantation of cryopreserved tissue [3] [4] [5] . Because the ovaries are very sensitive to cytotoxic drugs, ovarian cortex cryopreservation has become an urgent and high-demand technology for young female cancer patients who must undergo advanced chemotherapy and radiotherapy [6] , as well as for young female patients with non-oncological systemic diseases such as autoimmune and hematological conditions that sometimes require chemotherapy, radiotherapy, or marrow transplantation [7] . Compared to the traditional oocyte cryopreservation, the cryopreservation of ovarian tissues does not require ovarian stimulation and preserve gonadal function in prepubertal and adult patients [8] ; moreover, this technology offers a promising option for women at high risk for premature ovarian failure and sterility [9] .
Currently, the cryopreservation of human ovarian cortex is carried out in two ways: slow freezing (SF) or vitrification Zhun Xiao and Yaoyao Zhang contribute equally to this study.
* Zhun Xiao xiaozhunok@163.com (VT). Although most successful infant births from the cryopreservation of human ovarian cortex were achieved by SF [8, 10] , to the best of our knowledge, at least three live births have been reported using VT followed by in vitro activation [11, 12] . Nevertheless, the SF technique has some limitations: (1) ice crystals may form and cause cellular damage [13] and (2) the procedure requires several hours and expensive equipment, limiting its wide application. In the past decade, VT has been developed as a new technique for cryopreservation, which is usually characterized by the brief exposure to high concentrations of cryoprotectants before storage in liquid nitrogen [14] . Due to the high-viscosity environment, rapid cooling during VT can prevent ice crystal formation. However, the successful cryopreservation of ovarian cortex tissues using the VT technique requires a rapid exposure time, an appropriate type and concentration of cryoprotectants, and an optimal holding device.
The VT of ovarian tissues is generally carried out using an open vitrification system (OVS) or a closed vitrification system (CVS) [15] . Several carrier tools have been applied as OVSs for oocytes and embryos with successful results, including the cryoloop [16] , copper electron microscope grids [17] , a solid surface vitrification (SSV) device [18] , and a direct cover vitrification (DCV) device [19] . Previous studies have developed a novel OVS, referred to as needle immersed vitrification (NIV), which has achieved good results with VT [10, 11, 20, 21] . In this method, mouse and human ovarian tissues are directly exposed to liquid nitrogen and vitrified in an acupuncture needle [20] . Nevertheless, its main disadvantage, the direct exposure of human ovarian tissues to liquid nitrogen, may introduce a high risk of bacterial or viral infection [22, 23] . To avoid bacterial or viral contamination, the CVS was developed. In this system, the ovarian tissue is usually enclosed in a cryovial/cryotube or container (plastic CVS) so it is not directly exposed to liquid nitrogen. The plastic cryovial/cryotube has been used for the VT of human oocytes, embryos, and ovarian tissues [24, 25] , but the plastic wall of the cryovial/cryotube often leads to relatively slow cooling and warming speeds which may negatively affect the outcomes of rapid VT. In recent years, several researchers have focused on designing enclosed metal containers for the VT of ovarian tissues. Bos-Mikich et al. found that a simple handmade aluminum foil caddy was suitable for the VT of the mouse ovary [26] ; moreover, another group successfully vitrified bovine ovarian tissues using a metal container [27] . Nevertheless, there has been no attempt to implement metal containers for the VT of the human ovarian cortex. One of the promising metal containers is silver, as it conducts heat extremely well with a conductivity of 429 W/m Kelvin (W/m.K); this conductivity is much faster than that of plastic (0.2 W/m.K) and aluminum (237 W/m.K) [28] . Thus, in this study, it was hypothesized that silver should be an optimal carrier tool for human ovarian tissue CVS.
Hence, in this work, the efficacy of a hand-made silver container as a CVS (silver CVS) for the VT of the human ovarian cortex was investigated. The cryopreservation outcomes using the silver CVS were evaluated by ovarian histology, apoptosis of primordial follicles, secretion of estradiol (E 2 ) and progesterone (P 4 ) during an in vitro culture and revascularization after an in vivo transplantation in comparison to outcomes obtained with NIV and a plastic CVS.
Materials and methods

Collection of human ovarian tissues
This study was approved by the Institutional Ethics Committee of West China Medical Center at Sichuan University. Human ovarian samples were collected from eight patients, aged 27.2 ± 3.1 years, who underwent an oophorectomy (three patients) or ovarian cystectomy (five patients). Informed consents were obtained from all patients. Ovarian tissues were retrieved by laparoscopy and transported to the laboratory on ice within 20 min. Ovarian tissues from each patient were cut into 4 to 6 mm 2 pieces at a thickness of about 2 mm using a No. 22 scalpel. Ovarian cortical slices from each patient were randomly assigned to four evenly distributed groups: non-treated fresh control, NIV, plastic CVS, and silver CVS, as shown in Table 1 .
Design of silver container
To avoid the weaknesses of plastic containers and utilize the advantage of fast heat transfer through silver, a 4-cm-tall silver cylindrical container was designed with a diameter of 0.5 cm and a 0.2-mm thick wall and closed bottom (Fig. 1a) . Because the fabrication of a silver cap for the tube was difficult, a 2-cmtall polyvinyl fluoride (PVF) cap with a 0.5-cm opening was designed (Fig. 1b) . The silver tube and PVF cap can be tightly closed with a 0.5-cm overlap by clockwise screwing and then sealed with paraffin film (Fig. 1c) . Both the silver tube and PVF cap were produced in our laboratory (Chinese Patent No. ZL201320633196.9).
VT procedures
For the three different VT procedures, ovarian tissues were dehydrated similarly using a two-step regimen with increasing concentrations of cryoprotectant as previously described [21] . Briefly, the cortical tissue pieces were pretreated with an equilibration solution for 10 min at room temperature (22-25°C). The equilibration solution consisted of 1.35 mol/L (7.5%, v/v) ethylene glycol (EG, Sigma-Aldrich, St. Louis, MO), 1.06 mol/L (7.5%, v/v) dimethyl sulfoxide (DMSO, SigmaAldrich) and 20% fetal bovine serum (FBS, Gibco, Life Technologies, Grand Island, NY) in Dulbecco's phosphatebuffered saline medium (DPBS, HyClone, Thermo Fisher Scientific Inc., Waltham, MA). Then the tissues were immersed in a VT solution consisting of 2.69 mol/L EG (15%), 2.11 mol/L DMSO (15%), and 0.5 mol/L sucrose for 2 min. The NIV procedure was performed with a special carrier (acupuncture needle), as previously described [20, 21] . After two dehydration steps, the tissues in the acupuncture needle were directly immersed in liquid nitrogen (−196°C). Finally, the vitrified tissues were transferred to a liquid nitrogen-filled cryovial and stored in liquid nitrogen for at least 1 week.
The VT in the plastic CVS was carried out as previously described with minor modifications [29] . Cortical slices were dehydrated using the same regimens for NIV. After cryoprotectant loading, cortical slices were transferred to 1.8-ml NUNC cryotubes (Nunclon, Roskilde, Denmark) containing a minimum volume of VT medium. Then the cryotubes were tightly closed with an internal thread cap and immediately immersed in liquid nitrogen. The vitrified ovarian tissues were stored in liquid nitrogen for least 1 week. For VT in our handmade silver containers, dehydrated cortical tissues were transferred to the silver container with about 0.2-0.3 ml of VT medium and sealed tightly with a PVF cap. Subsequently, the container was immediately immersed in liquid nitrogen and stored for at least 1 week.
Warming procedure
The same warming procedure was used for all cortical tissues vitrified in liquid nitrogen. Ovarian cortical slices were quickly removed from the cryovial or container and serially transferred to solutions of 1, 0.5, and 0.25 mol/L sucrose in DPBS supplemented with 20% FBS medium at 37°C in a 5% CO 2 humidified incubator for 5 min each.
Ovarian histology and evaluation of primordial follicles
Fresh and vitrified/warmed ovarian cortex slices were fixed in 4% paraformaldehyde, dehydrated, embedded in paraffin, and serially sectioned at 5 μm thickness. To evaluate the histological changes of primordial follicles, cortical sections from every ten sections of each slice were stained with hematoxylin and eosin (HE) and observed under light microscopy. All primordial follicles with a visible oocyte nucleus in each section were counted. The quality of primordial follicles was evaluated by the morphology of oocytes and granulosa cells. Primordial follicles were considered abnormal if any granulosa cell or oocyte showed a pyknotic nucleus, cytoplasm contraction, or clumping of the chromatin material, as described by Gougeon [30] . According to these criteria, primordial follicles were classified as normal or abnormal.
TUNEL assay
To examine cell apoptosis, every tenth slice from each cortical tissue was chosen to detect DNA fragments by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL kit; Enzo Life Sciences, Farmingdale, NY). The TUNEL assay was carried out following the instructions of the kit. The positive apoptotic signal was determined by apparent and intense brown staining of the nucleus. Only primordial follicles with a visible nucleolus were counted. When the oocyte and/or >50% of the granulosa cells exhibited positive TUNEL staining, the primordial follicle was considered to be apoptotic [31] .
In vitro culture of ovarian tissues
Partial ovarian cortical tissues from six patients were pooled and cultured in vitro as previously described [21] . Fresh and vitrified/warmed cortical tissues were cut into approximately 1 mm 3 pieces and placed in 24-well culture plates (Corning Incorporated, Corning, NY) pretreated with Matrigel extracellular matrix (Becton Dickinson, Stockholm, Sweden). Four pieces of tissue from each group were placed in one well (two wells per group) with 800 μl of the culture medium, as previously described [21] . The cortical tissues were cultured in 5% CO 2 in air at 37°C for 14 days. Half of the culture medium (400 μl) was replaced every other day (days 2, 4, 6, 8, 10, 12, and 14), and the removed samples were stored at −80°C for the analysis of steroid concentrations. The morphology of cortex tissues was observed under light microscopy at the end of the experiment (day 14).
Measurement of ovarian steroid hormones
It has been demonstrated that the growth of ovarian tissue was associated with the elevated production of E 2 and P 4 after cryopreservation in vitro [32, 33] . Here, the concentrations of E 2 and P 4 in the culture medium were measured by chemiluminescent immunoassay kits (Abbott Laboratories, Chicago, IL) following the manufacturer's instructions. The measurements were carried out on an automated AxSYM (Abbott Laboratories). The sensitivities for the E 2 and P 4 assays were 0.1 and 5.0 ng/mL, respectively.
Xenografting of ovarian cortical tissues
Partial ovarian cortical tissues from five patients in each group were pooled and prepared for xenografting. Forty-eight (12 per group, three per time point) 8-week-old severe combined immunodeficient (SCID) female mice (Charles River, Beijing, China) were used in this study. The mice were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). Surgery was carried out under strictly aseptic conditions. An approximately 5-mm dorsal incision was cut with surgical scissors. Two fresh or vitrified/warmed ovarian cortex tissues were grafted into the subcutaneous area of each mouse, as previously described [34, 35] , and the skin was closed. The mice were sacrificed by cervical dislocation on days 3, 7, 14, and 21 after ovarian tissue transplantation. The transplanted ovarian cortical tissues were retrieved, fixed in 4% formaldehyde and embedded in paraffin for a histological analysis.
CD31 immunostaining
Located at endothelial cell junctions, CD31 is a transmembrane glycoprotein highly expressed in the endothelium which plays an essential role in transendothelial cellular migration [36, 37] . Hence, it was used to evaluate the re-vascularization of xenografted ovarian cortical tissues. Briefly, xenografted ovarian cortical tissues were sectioned into 5-μm thickness, dewaxed, and rehydrated. The immunohistochemistry was conducted using a commercial ABC kit (Vector Laboratories, Inc., Burlingame, CA). The sections were blocked in horse serum for 1 h at room temperature (RT) and then incubated with rabbit monoclonal anti-human CD31 antibody (1:300 dilution; Abcam, Cambridge, MA) at 4°C overnight. After three washes, the sections were incubated with biotinylated anti-rabbit secondary antibody for 30 min at RT and then incubated with AB reagent for 30 min at RT. After three washes, the sections were stained with 3, 3′-diaminobenzidine (DAB) solution and counterstained with hematoxylin. To assess vascular density, CD31-positive vessels in three randomly selected fields of each section were counted at ×400 magnification. The mean value was used as the final vascular density for each section. Sections immunostained for CD31 were evaluated by two independent pathologists who were blinded to this study.
Statistical analysis
The data were expressed as mean ± standard error of mean (SEM). Statistical analyses were performed using SPSS® software Version 18.0 (IBM, Chicago, IL). One-way and two-way analyses of variance (ANOVA) were used to analyze the differences in the continuous variables among the different groups. A P value less than 0.05 was considered statistically significant.
Results
Effects of different VT methods on human ovarian histology
To examine the effects of different VT methods on the cryopreservation of the human ovarian cortex, the integrity of more than 150 primordial follicles in each group was assessed by HE staining. Representative images of normal and abnormal primordial follicles are shown in Fig. 2a . Although most of the primordial follicles in all groups were preserved with a good morphology after cryopreservation, different amounts of abnormal primordial follicles among the four groups were observed (Fig. 2a) . The percentages of morphologically normal and abnormal primordial follicles in each group were calculated. The percentage of morphologically normal primordial follicles in the plastic CVS group was significantly lower than those in the fresh, NIV and silver CVS groups (P < 0.05 compared to NIV and silver CVS groups or P < 0.01 compared to the fresh group, Fig. 2b) . No significant difference was noted in the percentages of morphologically normal and abnormal primordial follicles among the fresh, NIV and silver groups (P > 0.05, Fig. 2b ).
Effects of different VT methods on the apoptosis of primordial follicles
To further verify the presence of abnormal primordial follicles in each group, the apoptosis of primordial follicles was examined by TUNEL assay. The morphology of follicles was shown in Fig. 3a , and more than 150 primordial follicles in each group were assessed. The percentage of apoptotic primordial follicles in the plastic CVS group was significantly higher than those in the fresh, NIV, and silver CVS groups (P < 0.05 compared to NIV group, P < 0.01 compared to the Fig. 2 Histology of primordial follicles after VT with different methods. a Representative images of normal (white arrow) and/or abnormal (yellow arrow) primordial follicles in the different groups. Scale bar =20.00 μm. b Statistical analysis of the percentages of normal and abnormal primordial follicles in different groups (n = 8) carried out by one-way ANOVA. *P < 0.05; **P < 0.01 silver CVS group or P < 0.001 compared to the fresh group, as shown in Fig. 3b) . Interestingly, the percentages of apoptotic primordial follicles in the NIV and silver CVS groups were significantly higher than in the fresh ovarian cortex group (P < 0.001, Fig. 3b ), although no significant difference in the percentages of morphologically normal and abnormal primordial follicles among the fresh, NIV and silver groups was found (P > 0.05, Fig. 2b ). Moreover, there was no significant difference in the percentage of apoptotic primordial follicles between the NIV and silver CVS groups (P > 0.05, Fig. 3b) . Accordingly, the percentages of normal (apoptosis-negative) primordial follicles in all groups exhibited an opposite trend to the percentage of apoptotic primordial follicles (P < 0.05, P < 0.01, or P < 0.001; please see Fig. 3b ).
Effects of different VT methods on the secretion of E 2 and P 4 from cortex tissues during in vitro culture
To evaluate the growth potential of vitrified/warmed ovarian cortex, the morphology of the ovarian cortex tissues was observed after 14 days of in vitro culture. It was found that the cortex tissue samples were round, oval or flat (Fig. 4a) . In addition to the morphological change, the secretion of E 2 and P 4 in the culture medium was examined from fresh and vitrified/warmed cortex tissues. As shown in Fig. 4b , c, the levels of E 2 and P 4 were highest in the fresh ovarian cortex group and the lowest in the plastic CVS group at all time points. The levels of E 2 and P 4 in the plastic CVS group were obviously lower than those in the fresh group after day 6 and those in the NIVand silver CVS groups after day 10 (for E 2 ) or day 8 (for P 4 ) (P < 0.01 compared to NIV and silver CVS groups or P < 0.001 compared to the fresh group; kindly reference Fig. 4b, c) . Moreover, the levels of E 2 and P 4 in the fresh group were notably higher than those in the NIV and silver CVS groups after day 10 (for E 2 ) or day 8 (for P 4 ) (P < 0.05; see Fig. 4b, c) . Importantly, there was no significant difference in the levels of E 2 and P 4 between the NIV and silver CVS group at any time point (P > 0.05, as shown in Fig. 4a, b) .
Effects of different VT methods on ovarian re-vascularization in the xenograft model
At 21 days after xenografting, the obvious growth of cortex tissues and the formation of new blood vessels were seen on the surface of all cortex tissues (Fig. 5a) . The revascularization capacity of all groups was assessed according to the number of CD31-positive vessels (Fig. 5b) . The number of ovarian vessels increased in a time-dependent manner in the fresh, NIV and silver CVS groups, but not in the plastic CVS group (Fig. 5c ). There was no significant difference in the vessel numbers before day 7, but the numbers of ovarian vessels in the NIV and silver CVS groups on day 21 (P < 0.05) and in the fresh group on days 14 and 21 were significantly higher than those in the plastic CVS group (P < 0.001; Fig. 5c ). Moreover, the numbers of ovarian vessels in the fresh group were significantly higher than those in the NIV and silver groups on days 14 and 21 (P < 0.001, Fig. 5b ). No obvious difference in the number of ovarian vessels between the NIV and silver CVS groups was found at any time point (P > 0.05, Fig. 5C ). Fig. 3 Viability of primordial follicles after VT with different methods. a Representative images of negative and/or positive staining for apoptosis in primordial follicles in the different groups. Scale bar =50.00 μm. b Statistical analysis for the percentages of negative and positive apoptotic primordial follicles in different groups (n = 8), which was carried out by one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001 Fig. 4 Effects of different VT methods on ovarian growth and the steroidogenesis of vitrified/ warmed human ovarian tissues during an in vitro culture. a The morphology of ovarian cortex tissues after 14 days of in vitro culture. b E 2 production from the ovarian cortex during an in vitro culture (n = 6). c P 4 production from the ovarian cortex during an in vitro culture (n = 6). The statistical analysis was conducted by one-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001 Fig. 5 The re-vascularisation of ovarian cortex tissues after xenografting in nude mice. a Photograph of xenografted ovarian cortex tissues after 21 days. b Representative images of CD31 staining in ovarian cortex tissues 21 days after xenografting. Scale bar =50.00 mm. c Quantification of CD-31-positive blood vessels at different time points after xenografting. The statistical analysis was conducted by twoway ANOVA (n = 15). *P < 0.05; ***P < 0.001
Discussion
Many researchers have recently used the VT technique for the cryopreservation of the ovarian cortex with significant improvements [3] . To date, two major methods (OVS and CVS) and different vitrification carriers have been used to vitrify ovarian tissues, but each method and VT carrier have unique advantages and limitations [15] [16] [17] [18] [19] 38] . In this study, we innovatively designed a silver container and determined its encouraging effect on the VT of the human ovarian cortex.
Compared with oocytes and embryos, the structure of human ovarian tissue is more complex, consisting of different types of cells (oocytes, granulosa cells, blood) and fibrous stroma. Maintaining the cryostability of the tissue is challenging. Primordial follicles are an important biomarker for assessing ovarian reserve or the fertility potential of a woman. Moreover, primordial follicles have been found to be more resistant to cryoinjury, and thus, the morphology and integrity of primordial follicles are commonly used to assess ovarian tissues after cryostorage [39] . Therefore, in this study, the morphology and viability of primordial follicles were mainly used to evaluate the efficacy of the different VT methods. Based on morphology, a higher percentage of abnormal primordial follicles in vitrified/warmed ovarian cortex vitrified using the plastic CVS was found compared to these percentages among fresh ovarian cortex and vitrified/warmed ovarian cortex vitrified by NIV and with the silver CVS. However, the percentages of normal and abnormal primordial follicles after NIV and VT with the silver CVS were like those of fresh ovarian cortex. These data indicated that NIV and the silver CVS were better than the plastic CVS for the VT of the human ovarian cortex. In addition to the morphological difference, a high rate of apoptotic primordial follicles was seen after cryostorage using the plastic CVS, NIV and the silver CVS compared to that in the fresh ovarian cortex, suggesting that the VT procedures adversely affect the viability of primordial follicles. However, the primordial follicles vitrified by NIV and using the silver CVS showed better viability (significantly lower percentage of apoptotic primordial follicles) than those preserved using the plastic CVS, which is consistent with the good morphology of primordial follicles vitrified by NIV and with the silver CVS. In our previous study, TUNEL staining was used to evaluate the quality of stroma cells after NIV and slow freezing; better stroma cell preservation was determined after NIV (21) . In our preliminary study, the apoptosis of stroma cells in these four systems was compared, and no significant difference was found. Hence, in this study the apoptosis of stroma cells was not investigated anymore. Interestingly, a recent study observed high rates of atretic follicles and apoptotic stromal cells after the use of NIV compared with after slow freezing plus the improvement protocol (host melatonin treatment and graft incubation with biological glue + vitamin E + vascular endothelial growth factor-A) [40] .
However, no significant difference regarding apoptosis in stroma cells after VT was noted in this study. Moreover, the work finished by Abir et al. [40] mainly focused on the comparison of different protocols rather than VT devices. Additionally, the diameter of the acupuncture needle used in our NIV study was 0.18 mm, while the insulin needle with a diameter of 0.25 mm was used in Abir's study [40] . It is possible that the needle with a larger diameter may do harm to the ovarian tissue during the NIV procedure which needs further investigation.
A previous study demonstrated that in vitro follicular growth after VT was associated with the increased production of E 2 and P 4 [38] . In the current study, the levels of E 2 and P4 were gradually increased in all groups with time in culture. Moreover, these levels in the fresh, NIV and silver CVS groups were significantly higher than those in the plastic CVS group, which was consistent with the in vitro results for ovarian growth. Additionally, it was demonstrated that the level of AMH in the culture medium was increased during the growth of follicles from primordial to developing follicles [41, 42] ; hence, it will be interesting to examine the level of AMH in the culture medium to test the viability of follicular in a future study. Blood vessels are highly sensitive to freezing, and revascularization is an important index for assessing the efficacy of vitrification [43] . Indeed, compared with fresh ovarian tissue, ovarian tissues vitrified by the three different VT methods and then warmed showed poorer re-vascularization after xenografting in nude mice. But the ovarian tissues vitrified by NIV and with the silver CVS showed much better re-vascularization than those processed with the plastic CVS. These results supported the notion that NIV and the silver CVS have an obvious beneficial effect on the preservation of ovarian functions when compared to the plastic CVS.
Ovarian tissue cryopreservation has been attempted using dozens of different VT devices, but all previously reported devices led to significant losses in the follicular pool compared with that of fresh ovarian tissue [44] . In this study, we did find that fresh ovarian tissues had better morphology, greater viability, less apoptosis, higher E 2 and P 4 levels, and better re-vascularization compared with vitrified/warmed ovarian tissues prepared using the different VT devices. It is well-accepted that, compared with a traditional CVS such as a cryovial/cryotube, OVSs such as the cryoloop and SSV, DCV, and NIV techniques exhibited a faster cooling rate and led to better vitrification results [3] . Nevertheless, most microorganisms can survive in liquid nitrogen; thus, the OVS has a major weakness regarding its high risk of contamination due to the direct exposure of ovarian tissue to liquid nitrogen. Crosscontamination between liquid nitrogen and embryos has been reported if cells or tissues are not protected well by a sealed container [45] . Recently, some researchers have attempted to develop an appropriate carrier for a CVS, which is the critical strategy for the CVS procedure [3] . Although the cryovial/ cryotube is commonly used for the VT of human oocytes and embryos [9] , due to rapid thermal conductivity, metal containers possessed better VT outcomes for ovarian tissues (in mice and cattle) compared with cryovials/cryotubes [25, 26] . Based on the physical properties of silver, its high conductivity seems to be a better compound for vitrification than other metals such as aluminum, iron, and stainless steel [28] . Moreover, the feasibility of NIV for the cryopreservation of mouse and human ovarian tissues has been investigated previously [20, 27] .
Very importantly, the silver container was innovatively designed, and it was demonstrated that the silver CVS could achieve outcomes of ovarian cortex cryopreservation like those of NIV; these findings strongly support the success of silver CVS for ovarian cortex cryopreservation. Although in vitro growth, E 2 and P 4 production and the formation of blood vessels have been determined in this work, it will be more convincing to examine the developmental potential of secondary follicles and even the fertilization of oocytes from the vitrified/warmed human ovarian cortex preserved by the silver CVS in a future study. Additionally, the ophthalmic scissors and No. 22 scalpel were used to cut ovarian tissues at 2 mm thickness, and parafilm was used to secure the seal between the silver container and cap. Nevertheless, it would be better to use a special chopping tool to cut ovarian tissues with consistent thickness, and the long-term stability of parafilm in liquid nitrogen should be verified. Practically, ovarian tissue's cryopreservation would be stored long term. Future investigation is thus needed to improve the technology to make a more appropriate cap for the silver container.
Conclusion
In this work, a silver container was designed, and it was then demonstrated that the use of the silver CVS resulted in primordial follicles with better morphology and viability, higher E 2 and P 4 production, and more blood vessels compared with plastic CVS. Furthermore, the outcomes of cryopreservation using the silver CVS were quite comparable to those achieved with the OVS and NIV. Use of this closed system for the vitrification of human tissue avoids the risk of bacterial or viral infection and offers a successful protective effect. Therefore, the silver CVS is a promising carrier for the cryopreservation of the human ovarian cortex.
